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Early stage of plastic deformation in thin films undergoing electromigration
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Electromigration occurs when a high current density drives atomic motion from the cathode to the
anode end of a conductor, such as a metal interconnect line in an integrated circuit. While
electromigration eventually causes macroscopic damage, in the form of voids and hillocks, the
earliest stage of the process when the stress in individual micron-sized grains is still building up is
largely unexplored. Using synchrotron-based x-ray microdiffraction during iassitu
electromigration experiment, we have discovered an early prefailure mode of plastic deformation
involving preferential dislocation generation and motion and the formation of a subgrain structure
within individual grains of a passivated ACu) interconnect. This behavior occurs long before
macroscopic damagéhillocks and void$ is observed. ©2003 American Institute of Physics.
[DOI: 10.1063/1.1600843

I. INTRODUCTION of the local nature of the phenomenon. Recent work by other
o . . r ' ing x-ray microdiffraction(1—10 um m siz
Metal thin films" patterned into micron-scale structures groups® using x-ray microdiffractior{1—10 um beam sizp

called interconnects comprise the communication network Oiaddressed \ggicegarameter measurements but not the ques-

all integrated circuits. These structures, which carry electri—tIon of EM-induced plasticity. Scanning electron microscopy,

cal signals between the millions of individual transistors on atrans_mlssmn electron microscopy, and X-ray Mmicroscopy
modern integrated circuit, can be deleteriously affected by Studies concentrated mainly on the evolution of the most
phenomenon called electromigrat’r&n(EM). This arises Visible outcomes of plastic deformation, i.e., the creation of
when the electrical current densities in the interconnects betoids and  hillocks®™? Using  white beam  x-ray
come large enough to significantly influence the diffusion ofmicrodiffraction;*~**we have recently discovered that plas-
atoms, inducing voids and hillocks to form under certaintic deformation starts at a very early stage during the elec-
circumstances and eventually resulting in the possible failuréromigration process, well before any visible damage devel-
of the device. Experiments have shown that the microstrucops in the conducting lin In this article we report a
ture of these interconnects significantly affects thisquantitative analysis of this early stage of EM-induced plas-
process ® It is also known that the development of a stressticity in individual grains of a buriedpassivatef Al (Cu)
gradient in the interconnect, which necessarily attends eleaingle interconnect line.

tromigration, can impede or completely halt the prodess.  Quantitative x-ray investigations of matter on a micron
While plastic deformation is expected to occur during elecscale have only recently become possible with the advent of
tromigration when the stress gets high enough, quantitativehird generation synchrotron sources and development of
information on plasticity duringn-situ electromigration tests  sujtable white and monochromatic crystal opfit8ecause

is difficult to obtain, because of the size of the structures ang i achromaticity, a pair of orthogonal elliptical mirrors
(Kirkpatrick—Baez configurationis the best way to produce

aElectronic mail: ntamura@Ibl.gov an intense high quality white light foctfs2! The present
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D current density grow more pronounced with time. When the

(022) . . current is reversed we observe, in the example shown here,
that streaking and rotation of the spots continues and neither
a decrease in streaking nor reversal in rotation is observed.
We also note that in many cases the streak intensity is not

uniform and individual spots can be seen within the streak.

Control measurements made in parallel and at the same tem-

C
(022)

T perature on similar interconnect lines with no current applied
confirm that the above observed peak streaking and rotations
2 . - are solely induced by the applied current flow.
i The observations in Fig. 1 are remarkable in several
(EZ) ways. Early experimentsand simulation&?have proposed
B . . the evolution of a linear gradient in hydrostatic stress along
{022) the conducting line, induced by the current driven mass flow.

PMOLem®  GOBMLAeR 0.8 MAH 098 MM .98 Mk This can be corr.elff\ted with a gradient in vacancy concentra-
S _ . ~tion. Local equilibrium between stress and vacancy concen-
FIG. 1. (Color) Grain orientation map obtained by white beam scanning tration, is usua“y assumed. In the transient state of the stress
x-ray microdiffraction(centej and evolution of the (022) peak shape for build th t t ted h to be i ted
grains labeled A, B, C, and D. Peak shift, streaking, and splitting are ob- UI. -up, the a Oms ranSpor ¢ ave 1o be mc_orpora} ed or
served during the course of the EM experiment. emitted from atomic sinks or sources, such as dislocations or
grain boundaries present in the thin film. Interfaces such as
. . . . Al/Ti also play a role. Assuming that local shear deformation
X-ray m|crod|ffract|o_n measurements hgve been carried oUccurs in the grain, Laue spot broadening could be expected.
on the 7.3.3. bending magnet beamline at the Advancefjowever, it is not obvious whether the individual disloca-
Light SourceM, M, where Kirkpatrick—Baez focusing mir- tions or grain boundaries introduced should be oriented par-
rors are produced by controlled bending of specially conle| or perpendicular to the conducting line. The observa-

toured perfectly flat substratés. tions in Fig. 1 now reveal that the spots are streaked across
the line indicating that the individual grains are curved or
Il. EXPERIMENT bent transverse to the direction of electron flow. Bending

The test interconnect lines were fabricated from sput-'mp"es that in individual grains the distribution of disloca-

tered Al (0.5 wt % Cu film on an oxidized silicon substrate. g_ons 1S pr(:dommar:cltly of one sign and lies parallel to the
Two shunt layers of Ti 450 A at the bottom and 100 A at the |re<_i_tr|10n 0 Clﬂ(r;em OW‘b q itativel : h
top sandwich the A[Cu) line The lithographically patterned y §trea ata can € use FO quantltatlv_e y estlmatet €
lines were passivatethuried under an overgrown SiCox- geometrically necessary dislocati0BND) density required

ide layer and received a furnace homogenizing treatment z_i?r apparent bending of the grains. For grain A, afEer allow-
400°C for 30 min. Measurements were made on At ing a current of 0.98 MA/crhto flow for 20 h at 205 °C and

wide, 0.75um thick, and 30um long lines. Using a white then reversing th_e current direction for a further 10 h the
x-ray microbeam of size 0:80.7um, grain orientations curvature angle is 1.23° mea;ured from the length of the
were established by collecting Laue patterns with a larg&treak on the CCD and the calibrated detector to sample dis-
area x-ray charge coupled devié6CD) detector. Custom t@nce. The grain width is 2.am from which a radzlgs of
softward® was used to index the white-beam Laue spotCUrvature ofR=116um is derived. The Cahn—N§*re-
even in the case where multiple grains were illuminated. Thdation p=(1/RDb) relates the radius of curvatur@ to the
sample was mounted on a scanning stage and the test lindilocation density and to the componert of the Burgers

were scanned in 0.5m intervals to obtain Laue diffraction vector on the neutral axis. For simplicity we assume that the
images at each step. active slip system is in the vicinity of 45°. For a fcc Al

crystal, with 1/2110 Burgers vector|b|=2.864 A. Using
the above values we find the dislocation density in this grain
p=3Xx10°cn?. This is a reasonable value for a plastically
In the center of Fig. 1 we show a grain orientation mapdeformed Al crystaf® For the relevant dimensions of the
of a 30 um long line determined from the scans describedcrystal involved here, we note that a total of 55 dislocations
above'®? We focus attention on the four grains marked A, of one sign are sufficient to accommodate the inferred plastic
B, C, and D. The (022) reflections of these grains are showdeformation.
as a function of applied current density and current direction It is also evident from Fig. 1 that the streak intensity,
in an accelerated electromigration test at a temperature @specially in the later stages of plastic deformation, is not
205 °C. With no current applied the spots are narrow in widthuniform and breaks up into well-defined and resolvable
and have the usual shape observed in as-deposited anneagbts. Details of the evolution of the streaking for the (022)
films. Once the current is applied in the direction shown, theaeflection of grain A together with an intensity profile of the
spots both streak and rotate from their original position,streak, are shown in Fig(@. The splitting profilg Fig. 2(b)]
while silicon Laue spots originating from the substrate re-shows clearly resolved peaks, which indicates that the indi-
main fixed. The streaking and rotation observed at a constawidual crystal grain breaks up into segments with their own

IIl. RESULTS AND DISCUSSION
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@0 ma 47 h]
Lo
-30mA, 42 h
-30 ma, 36 h
/ J\\o mA, 31h
= A OmA, 25h %
o
i ma ma, 20 h FIG. 3. (222) Peak profiles of different grains in the aluminum line after 47
= hours of EM test. Most of the peak broadenings occur in the direction across
the line, t at th ds of the line, where it long the line.
Hﬁ J 30"'&"\. 14 h e line, except a e very ends o e line, where It goes along the line
i 20mA, Sh : . :
5_ energy because of the cancellation of the alternating tensile
Lw mA. 4 h and compressive strain fields associated with edge disloca-
: tions. From the splitting of the streaks, the misorientation
—{J 0mA 0h between. ad;acenft blocks can_be measured_. Usmg the_ mea-
1 sured misorientation, the spacing between dislocations in the
0.0 D.OE 0.04 0.02 boundary can pe derived using the Burgers relation for a
A’ small angle grain boundarg= (|b|/L). Here, 6 is the mea-
d q, ( ) sured misorientation anglb,is the Burgers vector, arldthe

spacing between dislocations in the boundary. For the mea-
sured angle between spots of=0.57° and for b
=1/2(110 we obtainL =288 A. For a film thickness of 0.75
pm this amounts to 26 dislocations in the boundary. For

~ H%E grain A in Fig. 2, the splitting of the Laue reflection into
< 17500 three different subpeaks implies that two small angle bound-
= glggg aries and three subgrains have been produced during the
B 55000 electromigration process. While the boundary dislocations
represent a good fraction of the geometrically necessary dis-
0392 0399 0.406 locations (GND) produced, direct observations on bending
q, {,q"':, deformation of macroscopic specimens show that the dislo-
: cation density in material deformed in bending is always
2.0x10° ! highe?’ than the GND’s. It is only after annealing, when the
= 4 5x10° rrﬂ" ;"I\ crystal polygonizes, that the total dislocation density ap-
3 x10 Yol proaches the GND density.
};’ 1.0x%10* j \\ : Figure 3 shows (222) diffraction streaks at chosen grains
a 5.0x10° ] Jll | along the line after allowing a current_ of 0.98 MA/ErtD_
& '._“_ flow for 20 h at 205 °C and then reversing the current direc-
= 0.0 . tion for a further 10 h. While deformation pervades the

length of the line, its extent is highly variable and strongly
dependent on grain size.
b q, (A'1} The large grain A in Fig. 1 shows both rotation and ex-
tensive streaking. However, the smaller grains marked B, C,
FIG. 2. (Color) (a) Evolution of the peak shape and profile of the (022) and D rotate but show only moderate streaking which is to be
reflection for the grain labeled A in Fig. 1b) Detail of the peak shape and expected since small grains are more resistant to plastic
_pro_file_after 47 hour_s. The reﬂecti_on has _clea_rly split into three subpeakeﬂow_z&zgwe have also observed this grain-size effect in sev-
indicating the formation of three slightly misoriented subgraksefers to . . . .
the direction along the line whil¥ is the direction across the line. eral other electromigration experiments. The general direc-
tion of streaking away from the ends is transverse to the line
for all grains. Some grains at both ends of the line where the
well-defined orientation. The general phenomenon is knowrturrent diverges at the buried contact vias below the line,
as polygonization and has been observed and measured show streaking along the lingig. 3).
bulk crystals subject to pure bendifin the polygonization To gain additional insight into these observations, we
process, the dislocations introduced during deformatiomote that in Fig. 3, a few grains span the width of the line,
climb to arrange themselves one above the other into ahile the preponderance of the line consists of either two or
small-angle grain boundary separating subgrains. This vertthree grains across the line. As soon as the current is
cal arrangement results in a significant reduction in elastiswitched on atoms begin to move along the whole length of

0.08 0.07 006
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the line. Our previous experimental observatiGriadicate before relaxation

that early in the transient stage of electromigration plastic N S 1 -l A ey o
deformation of the grains is greatest at the cathode end and Y
decreases as we approach the anode end. For simplicity let us MR ST L [
consider a single grain across the line at the cathode end. In

this situation the Al/Ti interface or the grain boundaries nor- Dislocation
mal to the electron flow are likely the main sources and sinks

for point defects. Multiple grains will introduce another

source and sink besides the surfaces, i.e., a grain boundary

with components parallel to the direction of electron flow.
Several studies have suggested that atomic flow due to elec-
tromigration preferentially occurs at defects and interfaces

rather than in the crystal lattic83! Atomic migration along
dislocation cores and grain boundaries is indeed many orders b

Increased Cy| O

‘1t

initial ~ after EM initial after EM

of magnitude faster than in bulk aluminuthas the inter- i MR
faces of the line are different on the sidewalls (Al/SO MU

and at the top and the bottofAl/Ti), the diffusivities of the TEEFEIEEGEE IEEE IR
associated diffusion paths are different as well. The observed i ° ofa Increased Cy,

Laue streaking indicating bending or curvature of grains o
starting at the cathode end is consistent with a preferential
atomic motion at the Al/Ti interface. Let us first consider
grain A which roughly spans the width of the line. If we

assume that atomic motion primarily occurs at the Al/Ti in-

Lol

=]
GrainB oo o %, duo 0 5 GrainC

"1at

after relaxation

terface a supersaturation of vacancies will rapidly build up at )"», 1 "‘,«‘)

the top and bottom surfaces, and these vacancies will over Wil )»' il
time diffuse into the bulk of the grain as shown in schemati- el

cally in Fig. 4a). Some vacancy motion from the sidewalls

and blocking grain boundaries cannot be ruled out. At the . = - -
bottom interface the constraint from the substrate is quite initial  after EM initial  after EM
rigid. However in the top half of the grain the constraint due B oliotation - rotation

to the more compliant dielectric is less severe and the tensilgg. 4. (a) Schematic cross section of grain A llustrating the accumulation
stresses introduced by the vacancy diffusion can be relaxed vacancies diffusing in from the surface®) plastic deformation of the
by plastic flow as illustrated in Fig.(8). Given the rigidity crystal in response to the stresses built up in the crystal. Some polygoniza-
f the bott interf th t in the | half of th tion can also occur during slip as indicated schematically by the vertical
0 i € .O om Intérface the streéss In e Ower . a O. eIining up of dislocations. Insets show the rotation and streaking of Laue
grain will be larger than the upper resulting in dislocationsspots at the two ends of the graift) schematic of a cross section of two
being introduced from this surface along the active slipgrains with a boundary between them and the accumulation of vacancies in
planes as indicated in Fig(bl). The concave bending is the the V|‘cm|ty of the grain bpundary, ar(d) plastic deformation of the grains
. . . . . showing excess dislocations of one sign to account for the concave shape
response of the material to partially relieve this tens'le StréSSfter plastic flow. Inset shows Laue spot positions before and after EM.
To account for the observed curvature also requires that the
enclosing dielectric distort enough at 205 °C to accommodate
a maximum strain of about>810™ 3. It is also evident from mentally as seen in Fig. 1. The streaking is not as pro-
the insets showing the Laue spots that the rotation of th@ounced as observed in the larger grain A and is consistent
streaks from the original spot position at time zero indicateswith our earlier statement about the resistance of smaller
an inward motion across the line demonstrating that the graigrains to plastic flow. This situation is illustrated in Figcy
curvature is concave. During slip some polygonization willwhich shows a cross section of the two grains before plastic
occur as observed in macroscopic experiments on bulkeformation but with an accumulation of vacancies in the
crystals®’ This is illustrated schematically in Fig.(#) as vicinity of the grain boundary. Only the top halves of the two
dislocation walls normal to the slip lines. grains can relax since the bottom is rigidly constrained by
For grains B and C where there are grain boundary comthe substrate. The resulting plastic bending and grain rotation
ponents along the direction of electron flow vacancies genthat is a consequence of the depletion of material at the grain
erated or diffusing to this boundary will deplete material in boundary is shown in Fig.(d). We also show an inset in Fig.
the boundary this will tend to shrink the material in the upper4(d) indicating the direction of the rotation of the Laue spots
halves of the two grains, since the bottom half is more rig-for grains B and C which again demonstrates the concave
idly constrained than the top. Material shrinkage in the uppeshape of the deformed grains.
half of the grain is most likely accomplished by a dislocation =~ The deficiency of atoms at the cathode end of the line,
climb at the grain boundary and the eventual elimination ofcould result in the formation of voids at a later stage of
the extra half plane of dislocations with an edge componentelectromigration. However at this stage in the process our
The resulting rotation in addition to some streaking of thepost-electromigration Focused ion bedrfB) cross sections
spots due to plastic bending of the grains is observed experdo not show any voids or hillocks in the interconnect line.
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